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ABSTRACT

A representative survey of the literature of Aerodynamic Noise was

made. This was not intended to be an exhaustive list but rather to give
the state of the field presently. Tt was found that much of the research
done in this field is either experimental or semi-empirical. This is
primarily due to the complex nature of the theory of turbulence.
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1l. Nature _cg the Problem

When a vehicle moves through air there are two basic means
by which it can produce noise: (1) by its propulsion mechanism
(motor-jet, rocket, etc.,) and (2) by its interaction with its
surroundings. At low speeds the first nf these is by far the
dominant one while near or above the speed of sound, mechanism
(2) becomes quite important.

The reason for the study of the noise produced by such a
mechanism is likewise two-fold. First, the noise field is one
of the important reasons for failure in vehicles such as rockets
and high speed jets. Secondly, human beings find objectionable
the “"cacophonous sequence of whines, roars, and bangs" which
are the sounds produced by Jet aircraft. It is from one of these
two standpoints that one must view most of the research done on
aerodynamic sound. The first is primarily a near field study
wvhile the second is far field in nature.

Since most of the high speed propulsion devices of today
involve the impingement of a jet exhaust into relatively quiescent
air this will constitute the area of study for the previously
mentioned propulsion devices. We will exclude the effects of jet
air temperature and intermittent combustiem, etc.

In the second category of noise production one finds primarily
the pressure field due to a turbulent boundary layer. Such phenocmens
as the sound produced by the interaction of a vortex with a shock wave
also must be included in this category.

From the point of view of definition we may define sound
produced aerodynamically as all sound fields which owe their
existence to airflows rather than being by-products of the
vibrations of solids. It has been found valuable, however, by
Lighthill and others to distinguish between sound and "Pseudo
Sound". Inside an airflow pressure fluctuations commonly occur
due to instability which ylelds at low Reynolds numbers & regular
eddy pattern and at high Reynold's numbers an irregular turbulent
flow. If a microphone or ether pick up device is placed in the
flow it will record the density fluctuations due to such patterns
Just as if they were an ordinary sound field. However, they lack
the essential quality of sound, i.e. propagation at or around the
velocity of sound. Hence, the designation "pseudo sound”". This
does not imply that such a flow does not generate a propagating
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an RTD Technical Documentary Report.




sound field but rather that the density fluctuations in the flow
itself do not constitute such a sound field. This is a fact
often overlooked by experimenters in the field.

The problem of the near field of aerodynamic noise where the
fluctuations due to the sound field and those due to the pseudo
sound field are comparsble (they fall off with inverse distance
and inverse square distance) is very hard to treat theoretically.
It is here, however, that the strongest implications for the
structural engineer are found. Much of the progress in this area
has been of an experimental nature.

2. The Besic Mechanisms of Aerodynamic Sound Generation

We may recall that in the classical theory of acoustics,
a simple source is one which caused a fluctuation in the net
flow through a closed surface. An example is a sphere executing
radial vibrations. A dipole source results from the pulsating
motion of a rigid body in an acoustic medium. An exsmple of
this would be the pressure field of a vibrating string which
vibrates in only a single plane. It is not necessary, however,
that a rigid body be moving and the acoustic medium be at resgt.
In fact if the converse in true an acoustic field is also
produced. As an example of this, consider the fluctuating
drag force on a cylinder due to flow perpendicular to its axis.
Even though the cylinder remains stationary the reactive forces
set up an acoustic field in the moving fluid quite analogous
to that which would result from a stationary medium and a
vibrating cylinder. This accounts for the theory of edgetones
such as the sound from the wind through telephone wires.

There is, in the example just given, an implicit assumption
vwhich underlies almost all of the theoretical studies on flow
noise, i.e. that the pressure field may be obtained by taking
the forces resulting from flow as foreing functions on an
acoustic medium. This ignorés the interaction of the sound
field itself with the unstable flow, an effect which is important
at very small Mach number but which is almost completely insig-
nificant in the study of aircraft noise.

The basis for the theoretical understanding of sound

produced aerodynamically was given by Lighthill [1]. Combin-
ing the equations of momentum and mass comserwation he obtained
the equation
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P is the density, y the velocity, P the ordinary stress tensor,
and 8, the velocity of sound. This equation Ytelds directly a
solution for the acoustic problem if one has sufficient information
about the turbulence stress tensor T . The determination of the
structure of the turbulence genenui"by airflows is then the
fundamental problem for the determination of flow noise. This
turns out to be, however, a virtually insurmountable obstacle to
& complete theoretical treatment. Only for isolated cases has
any attempt been mde to analyze campletely the noise produced by
& given type of turbulent flow. Instead of attempting to solve
this problem researchers have exchanged it for the determination
of equivalent moving "source" distributions. It is supposed that
the noise from the flow can be synthesized by a set of simple or
multipole sources distributed throughout the flow. The character
of such source distributions and the qualitative estimates which
can be obtained from application of the exact theory has occupied
most of the theoretical and experimental work on Jet and rocket
noise.

3. Jet Noise

It has been previcusly mentioned that the two basic types of
aerodynsmic noise generators are: (1) noise from jets impinging
on quiescent air and, (2) noise induced by turbulence around the
skin of the aircraft. The first of these pPresents several peculiar
problems. Since the method to be applied is that of finding source
distributions within the flow which are equivalent to the forces
the flow would exert on an acoustic medium we must consider reflect-
ion and refraction of the acoustic field on the welocity discontinuity
vhich defines the boundary of the jet. This is a problem inherent to
the method of sources. Then we must consider the fact that these are
not stationary sources but are being convected with the flow. It is
found that both of these considerations have profound effects on the
directionality and power from the flow. They account for the heart
shaped pattern of the pressure isobars.



The radiation fields of a moving source, dipole, and quad-
rapole respectively are
n(t-r{ao) ) xiPi(t-r/a.o) , x,x, T
Wrr(1-4_ cos 8) kmr®(1_ cos 6)° lnrr3(1-Mc cos 6)°

where the functions m(t), P, (t), and T . (t) are their strengths

at time t. Mc is the Mach number of c%&vection. r is the distance
from the point of emission, and 6 is the angle between the direction
of emission and the direction of convection.

From dipoles snd quadrapoles, whose radiation fields are
dependent on incomplete cancelling of signals from positive
and negative sources due to differences in time of emission,
additional factors |1--241c cos 6|1 avpear, representing the increase
in those time differences. This is closely related to the Doppler
increase in the observed frequency.

The method of using moving-source fields in practical problems
of Jet noise has been perfected by Ffowes Williams [2-4]. The
experimental evidence for jets is not gquite as convincing as for
boundary layer turbulence that the problem at hand is a convected
pattern of turbulence., However, it seems safe to regard the jet
case as a moving system of quadrapoles.

(t-r/a )
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4. Boundary Layer Noise

The noise generated by turbulence in boundary layers is an
important type of noise of the dipole type. Probably in no other
area of gerodynamic noise has there been experimemtal exploration
having & similar quality to that for boundary layer turbulence.

It has beem shown that wall pressure fluctuations are much larger
than skin. friction fluctuations and hence in the main the acoustic
dipoles are perpendicular to the surface.

From the measurements of Willmarth [5,6] we may infer that
the autocorrelation function of pressure fluctuations is roughly
Geussien, and that the area under the correlation curve is given
with good accuracy by

- 1.0 =
/; Pu(t) P“(bl-'r)dt e = P:

viere 81 is the displacement thickness. Thus we can regard
pressures at a point as well correlated within a time sep-
aration of about 1.561/U and uncorrelated for greater time
separations.



Willmarth also finds that a relatively slowly changing
pressure pattern is moving down stream so fast that the time
variation at a single point gives an impression of high freq-
uency that is misleading. This is rather an indication that
the random space pattern possess a high speed of convection.

The measurements mentioned above provide an excellent
base for the studies fér she engineer who wishes to examine
structural fatigue and the random character of boundary layer
noise. However, without an adequate theory for a proper
interpretation these experiments do not attain their full
significance for the understanding of this noise mechanism.

It is readily seen that both for Jet noise and for
boundary layer noise the fundamental problem is the nature
of the turbulence involved. The entire theoretical effort
now being expended on the area seems to be aimed at devising
means of circumventing this block without understanding the
physical nature of turbulence. It would appear very unlikely
that any great theoretical advances can be made in the general
area of aerodynamic noise until a significantly new and fertile
theory of turbulence appears.



Summaries From Aerodynsmic Noise

The motivation for most of the studies of noise produced
by airflows which were done prior to 1952 was the understanding
of the eddy patterns set up by steady flows. These studies resulted
from observations of such flows as the aeolein noise of wind through
telephone wires. It is seen from the work of Kutte and Joukowsky
that the force F which acts on a cylinder of length b is

E= pLxLD

vhere p 1is the fluid density, [ the circulation about the
cylinde®, and JJ is the velocity of the flow. Henee when the
eddies of -2I', +2I' are thrown off alternately from the flow
these results an alternating force on the cylinder normal to
the direction of flow.

The acoustic dipole, discussed by Rayleigh and Lamb is
generated by the fore and aft displacement of a cylinder or
sphere in a fluid. The similarities between this and the
situation of the eddies from a cylinder was the motivation
for Yudin [7] to suppose that the origin of vortex noise lies
in the variable force acting on the medium during the flow
rast a body. He inferred that the pressure on the cylinder must
be dependeént on the strength of the eddies in the wake. From a
dimensional analysis he deduced that the sound power would vary
as the sixth power of the wind velocity. Blokhintsev [8]
extended Yudin's supposition. The ultimate statement of these
works is that the far acoustic field produced by flow around
fixed, rigid bodies is the same as if the fluid force sustained
by the body were applied in the opposite direction to a corres-
ponding fluid at rest. This idea also forms the core of the
analysis by Etkin, Korbacher and Keefe [9] in which it is
supposed that the cylinder can be replaced by a body force
sufficient to prevent the fluid's motion. This work then forms
the basis for the proposition of Lighthill's theory of

serodynamic noise, part I of which appeared in 1952,

In part I of a classic paper Lighthill [1] propounded the
fundamental basis of noise produced by gas flows with rigid
boundaries. Most of the work done by earlier investigators of
noise produced by flows was to determine the frequency content
of sound produced by regular eddy patterns. Lighthill concerns
himgelf with the determination of the intensity from an arbitrary
flow. The method of attack is to estimate the flow field from
aerodynamic pringéiples and then to deduce the sound field. This
precludes any interaction of the sound with the flow producing it.
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The moving fluid is superposed on an appropriate acoustic medium
at rest and the difference of the conservation of momentum equations
is considered to be a fluctuating force field (known if the flow is
known). This force field acts on the stationary acoustic medium
and hence radiates sound according to the ordinary laws of acoustics.
The difference between the stresses in the real flow and the
fluctuating pressure in the acoustic medium are taken to be

2
‘1‘1‘1 = pvivJ o PiJ - a.o pbu

where Vi, P1 ;» Py and & are the velocity, the real stress
tensor, 'the density, and the mcoustic velocity. & . is the
Kronecker delta. The principal generator of acoulac distur-
bance is the Reynolds' stress since the dissipation of acoustic
energy by viscosity and heat conduction is slow and likewise
the differences D - a2p is slight. It is noted that since much
of the fluctuation ef the momentum flux is balanced by a local
reciprocating motion the effect is as if we were dealing with
an acoustic quadrapole. This is a manifestation of the surface
nature of the stress, and is a very inefficient method of
converting kinetic energy to scoustic emergy. The source density
decomposes into a fluctuating dipole source

(where the summation convention is used on the indices) and a
field of lateral quadrapoles due to the fluctuating shearing stresses.

At distances large compared with the dimensions of the flow the
density fluctuatioms are given by

X X 2
—_— W) 19 _dm-xd
B= e E‘#L‘r 3 f 2 2 Tt T 'R
(] X ‘O (]

where the repeated indices indicate summation over the range
1, 2, 3. Here x is the location of the source point and y is
the point at which the density fluctuation is measured.
Defining the intensity of acoustic radiation at a point by
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where c (—T-se is the mean square fluctuation in density

at that point, e obtain for the intensity
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vhere a bar over a quantity indicates averaging in time.
For the acoustic power we have
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By physical arguments and dimensional analysis Lighthill
concludes that at & distance x from the center of the flow
the density fluctuations are roughly proportional to

(u )ll-l

vhereuandlmttypic&lnlocityandatypicallength
respectively. The intensities are predicted to be roughly
proportional to

P u85-512
o o

In Lighthill [10] spplied the theory developed in part I
to the scattering of sound by turbulence. He estimates that

the energy scattered per unit time from a unit volume of
turbulence is

2 1 ]
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vhere I is the intensity, A the wavelength of the incident

sound and a is the speed of sound. vaisthemeansqure
velocity and L the macro-scale of the turbulence in the
direction of the incident sound. This formula does not

assune any particular kind of turbulence but does assume

that \/L is less than one. It is predicted that components

of the turbulence with wave number k will scatter sound

of wave number Kk at an angle of 2 sin -1(k/2x). The statistics
of successive scatterings is considered and it is predicted
that sound of wavelength less than the macro-scale of the
turbulence A will become quite random in its ctional
distribution in a distance spproximately As2/v 2., The theory
is extended to include an incident acoustic pulse and incident
shock wave. In the case of the shock it is necessary to take
into accouni the actual speed of the shock relative to the
fluid behind it. This predicts a value of 0.9 times the
kinetic emergy of the turbulence traversed by & weak shock

of stxength s. The energy thus freely scattered when turbulence
is convected through the stationary shock wave pattern in a
supersonic Jet mgy form an important part of the sound field
of the Jet.

Although broadly based on well established principles,
the details of Iighthill's theory involved new techniques
developed to deal with certain aspects of the aerodynamic
noise problem., The need to relate the quadrapole source
strength to the details of the turbulence was a severe demand
on the new theory. Although Lighthill succeeded in giving
the quadrapole distribution of sources in terms of the structure
of the turbulence the infancy of the theory of turbulence itself
limits the applicability of this development. At low speeds
Lighkhill showed that under certain conditions the fluctuating
Reynolds stress can be used as a good approximation for the
Stress tensor. On this basis Proudmsn [10] computed the
noise radiated by decsying isotropic turbulence. This is pro-
bably the only gquantitative spplication of Lighthill's theory
feasible with turbulence in its present state.

Proudman assumes that the Reynolds number of the isotropic
turbulence is large and its Mach number small., He indicated

that the noise appears to be generated mainly by those eddies
whose contribution to the dissipatien of kinetic energy by

viscosity is negligible. it is shown that the intensity of




sound at large distances is the same as would result from a
volume distribution of simple acoustic sources occupying the
turbulent region. The local value of the acoustic power out-
put P per mass of twrbulent fluid is given approximately by
the formuls

g g g R
2 ar ]
vhere @ is a numerical constant, u is the mean square velocity
fluctuation, and c is the velocity of sound. The mmerical
value o is obtained by assuming Heisenberg's theoretical spectrum
of isotropic turbulence. It is found that the effects of decsy
do not contribute greatly to the value of a.

N

In [11] Lighthill published part II of his theory of
aerodynamic sound. This treats turbulence as a scurce of
sound. The theory is developed with special reference to the
noise of jets for which a detailed comparison with experiment
is made. The quadrapole distribution of part I is shown to
behave as if it were concentrated in independent point quad-
rapoles, one in each "average eddy volume." The sound field
of each one of these is distorted in favor of downstream
emission by the general downstream motion of the eddy. This
explains for jet noise the marked preference for downstream
emission and its increase with Jet veloeity. Although tur-
bulence without any mean flow can produce noise as shown by
Proudman, the intensity is much enhanced by a prevalent shear.
This sound hes a directional meximm at 45° to the direction
of the shear flow. The acoustic efficiency of the Jet 18 of
the order of magnitude of 10 orn5whenxu the orifice
Mach number. A consideration of whether terms in the stress
other than the fluctuating momentum flux might become impor-
tant in heated jJets indicates that they should hardly ever
be dominsnt. However, it should be emphasized that whenever
there is a fluctuating force between the flow and solid
boundaries dipole sources arise which may be more efficient
than the quadrapole radiation, at least at low Mach numbers.

Ribner [12] treated the problem of interaction of turbulence
with a shock wave. He found that the presence of a shock wave
provides a mechanism for the transference of energy between the
modes of vorticity, entropy and sound. Formulas for spectra
and correlations have been found and numerical calculations
carried out to yield curves of the root mean wguare velocity
components, temperature, and noise in db against Mesh number

10



for the range 1 <M < e , Both isotropic and axisymmetric
initial turbulence have been considered.

Phillips [13, 14, 15) and Curle [16] have considered an
extansion of the Lighthill theory to include the effect of
so0lid boundaries. This is a natural and important effect
since perticularly at low Mach numbers the gquadrapole nature
of the sound produced by a purely aerodynamic source is quite
inefficient. The influence of rigid boundaries is twofold:
(1) reflection and diffraction of the sound waves, and (2)

& resultant surface dipole distribution at the solid boun-
daries vhich are the limits of Lighthill's gquadrapole
distribution. It is shown that these effects are exactly
equivalent to a distribution of dipoles each representing the
force with which unit area of the solid boundary acts on the
fluid. A dimensional analysis shows that the intensity of
sound generated by the dipoles should at large distances x
be of the general form p°U°5.°'5L2x'2 .

The theory developed by Curle [16] has been applied by
Phillips [15,17] and Kraichman [18-22] to the generation of
sound by turbulence over an infinite flat plate. The generation
of noise by the interaction of the turbulence with the solid
boundaries has been named by Phillips as the aerodynamic surface
sound. If the motion of the fluid over the plate i1s statistically
homogeneous in planes, parallel to the plate then, he concludes,
the radiated dipole sound vanishes. This is said to be a
consequence of the vanishing of the mean square momentum per
unit area of the shear layer. However, vhen the motion is not
homogeneous in this fashion & non-séro scoustic radiation field
may be set up. Therefore, it is suggested that a semi-infinite
flat plate placed in a uniform stream should produce a finite dipole
radiation per unit arees which becomes vanishingly small with increas-
ing distance down the plate.

Most of the experimental work to this time on jet aircraft
had centered on the engine itself as the primary source of noise.
However, the theoretical work of Lighthill and those who followed
indicated that boundary layer noise from turbulence would contribute
to in-flight neise of the aircraft. In this light, experimental
work on noise from tmsbulent shear flows began to appear. Coles
(23] and Harrison [24,25] made measurements in the boundary layer
on a smooth flat plate in supersonie flow. In situ measurements
of the aerodynmmic noise and boundary layer profile for an air-
plane wing were made by Mull and Algranti [26] and McLeud and
Jordan [27]. These indicated that the velocity profiles of the

11




boundary layer were similar to the typical experimental turbulent
boundary-layer velocity profiles. The ratio of the root-mean-
square sound pressure on the surface to the free stream dynamic
pressure vas found to decrease linearly with increasing Mach
number up to about M = 0.55 and remain constant from there up to
the limiting Mach number of the airplane. A sharp increase in
the sound pressure nesar the limiting Mach number of the aircraft
vas attributed to local shock formation on the wing.

It can be seen that if the turbulent boundary layer around
an aircraft's fuselage is an important source of sound for
vehicles in flight then this will also be a significant mechanism
for the production of noise inside the hull. In this relation
Ribner (28] and Coreos [29] have explored the noise induced in
the interior of Jet aircraft by s turbulent boundary noise. The
noise produced here is more profound than that studied theoretically
previously since the shell of the airplane may act as a sound board
and vibrate itself. It is assumed that the fluctuating pressure
distribution induces ripples on the skin of the aireraft. The
acoustic effects of such ripples in an infinite sheet are examined.
Supersonic moving ripples case strong sound in the form of Mach
waves vhile subsonic ones radiate no sound. Formulas for the mean
square surface pressure and energy flux are obtained for an ideal-
ized turbulent pressure spectrum. The results are adapted to a
practical fuselage.

In Proudman's [10] analysis of noise from isotropic turbulence
the evaluation of the mumerical constant @ was made based on the
assumption of Heisenberg's theoretical spectrum. Muller and Matchat
[30] and Mawardi [31] have extended their mesults to show the
dependence of @ on time. The suthors infer from their computations
that reduction in eddy size may have an important effect on the
noise produced by turbulence. H. S. Ribner (App. Mech. Rev. 5801)
d.iugree-v:lththisonthemuthsttheeishthpoverdnpendcnce
on turbulent velocity far outweighs the weak effeet of eddy size.

A great deal of the work done on aerodynsmic noise with and
without coupling o solid boundries is accounted for by Emglish
and Canadian scientists. The work in Canada in this ares is
revieved by Etkin and Ribner {32]. The specific theoretieal and
experimental investigations described include: Aeolian temes;
boundary layer noise (rigid and flexible wall); effects of boundary
layer noise on aircraft structures; distribution of noise sources
along a Jet; ground run up mufflers; transmission of sound from,
and acoustic energy flow in, a moving medium; sound generated by
by interaction of a vortex with a shock wave.

12



In a separate report Ribner [33] has discussed the distribution
of noise sources along & Jet. This is investigated by application
of Lighthill's theory to regions of "similar" profiles. The analysis
refers to the noise power emitted by a "slice" of the jet, (i.e. the
section formed by two planes normal to the axis), as a function of
distance x of the slice from the nozzle. It is found that this power
is essentially constant with x in the initial mixing region (x° law),
then further downstream (say 8 or 10 dismeters from the nozzle) falls
off extremely fast (x~7 law or faster) in the fully developed jet.
Becsuse of this striking attenuation of strength with distance it is
concluded that the majority of noise by such a jet is generated in
the mixing region and very little comes from the fully developed Jeét.
A qualitative interpretation is given for Powell's experiments and
the behavior of multiple nozzle or corrugated mufflers, both as to
overall quieting and frequency shifting, is also interpreted in the
light of the results.

Ribner [34] has also studied the flow of acoustic energy in a
moving medium. Comparison of three suthors (Blokhintsev [8], Jobmson
and Laporte [36], and Ribner [25], is made for similarities and
discrepancies and an attempt is made to infer a correct formulation.
He attempts to show by means of exsmples how variations in the
velocity of a stream carrying acoustic emergy in the form of plane
waves can change the "linear theory" acoustic energy density from
positive through zero to negative, with corresponding changes in
the energy flow.

The acoustic radiation from isotropic turbulence has also been
studied by Meecham and Ford [37]. Their aim is to study the features
of this sound which is independemt of the manner in which it is
produced. Through the use of the Navier-Stokes equation Lighthill's
expression for the acoustic radiation is expressed in terms of a
single varisble for very large Reynold's numbers. A new Lagrangian
type of correlation is defined in such a way that a similarity
argument can be applied without difficulty from the convective
effects. Such convective effects then only enter through negligible
Doppler shifts. Using this similarity results and Lighthill's
formulation the self noise power spectrum for the turbulence is
found. This spectrum at the high frequency end is proportional to

u-v/ 2)(2 1/2(1.0. w>> a.oll/L) vhere w is the acoustic angular
frequency, M for the turbulence, L for the turbulent eddies, and co
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is the velocity of sound. At the high frequency end this
spectrum is also independent of the dri: mechanism. Further-
more, the spectrum is proportional to w at the low frequencies
and depends on the large scale eddies there.

ILighthill's theory of aerodynamic sound is for noise produced
by flows without coupling to solid boundaries. While this is
fundamental to an understanding of aerodynamic noise, practical
considerations demand attention to the effect of the coupling
between the solid boundaries of the flow and the noise produced
by it. In connection with this the output of a sound source in
reflecting enviromments was studied by Waterhouse [38]. He obtains
the output of simple point and dipole sources as functions of source
position by the method of images and a theorem due to Rayleigh on
the output of groups of simple sources. The cases of a dipole
source near a reflecting plane and & simple source near a reflecting
edge and corner are treated, and the effect of band width of the
source is considered.

In an application of this technique Waterhouse has studied the
sound power output by subsonic Jets by a reverberation chamber
technique. Velocity profiles with round and square distributions
were studied in conjunction with nozzles of various shapes. The
frequency limitation of the reverberation chamber technique was
found to be 5KC due to absorption by the air.

In Lighthill's theory jet noise is generated by fluctuating
Reynolds stresses pv,v 5 (quadrapoles) within the jet. Much of
the work done theoretically in the area of aerodynsmic noise has
centered on the determination of the source strength (dipole
and quadrspole) which the Reynold's stress is equivalent to.
However, since the extremely difficult problem of determining
the nature of the turbulent jet has been exchanged for the much
simple one of finding equivalent distributions of sources
the inherent difficulties of the problem appear elsevhere. For
example, since one envisions the sources as being in the interior
of the Jet, the radiation which eventually reaches the relatively
stationary medium has been altered by the convective motion of
the sources and reflection end refraction at the boundaries of
the Jjet.

Cheng [39,40,41] has attempted to treat this problem by
hypothesizing "image" eells of quadrapoles on the surface of the
Jet. He seeks to relate the location and directional radiation
of these images to those in the interior by an estimate of plane
wave refraction. It is true that there may exist a distribution
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of sources in the quiesent air which will provide the same
acoustic field as the Jet. However, it seems unlikely that
these are related in any simple fashion to the interior
quadrapoles inasmuch as determination of acoustic images by
refraction through a curved surface is fallacious.

Fakan and Mull [k2] studied the problem of the effect of
forward velocity on sound pressure for a whole Jet engine in
flight by means of a moving microphone on the aireraft. They
found no detectable difference caused by increase in speed of
the airplane.

The noise of a turbulent jet was studied by Powell [43-48].
He considers a similarity argument for Jets of varying dimensions.
Using the idealized estimate that each slice of the cross section
of the jet emits a single frequency he found a low frequency spectrum
depend.ntonﬂ’b’tawhilothehighfrequencypcrtdapondlmvgm’a
where U ha%:pic&lturbuhntvelociw,numdinehrof'lhe
Jet, anll f is the frequency of the turbulence. The overall noise
level still depends on U.8D%, There 1s a strong indication that
thcpe-kotthgnoiutpgctnmlhonu.mterrcnthcrcgionclou
totheendorthepotuﬁalcm,promlyfmalittledommm
of it. m;muunrylmmwthatappnedbyn.s.nﬂmr
[33]. Below is reproduced a table glven by Powell which related
similarity theory and experiment.

Quantity s‘ﬂzt Similarity Experiment  References
variables : o
Noise power (;:nd)E 0<e<2 € =0 8 b
p ‘f;f A= 8 A= 8 d’e,a,b
a B =2 p =2 e,a,b
Peak frequency U(;‘/Dla a=1 a< 1, 0.5 f,4,g
B ml B =1 e
High frequency (il)eua Dsfo 0<e<2 T.9 <a <10 e,h
spectrum p‘ J Q=g 0.5<8 <1 e,h
B = l -* < (+} S -2 e"’b’h
0= =2
Low frequency P 0<e<2 5.6 <a<T.h d,e,g
spectrum (;—4-)“'0: P ¢° a=5 1<B <k a
a B = 5 0< g S 2 d,g,e
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&, Gallagahan and Coles (1957)
b. Rollin (1958)

c. Lassiter and Hubbard (1952):
d. Fitzpatrick and Lee (1952)
e. Tyler and Perry (1955)

f. Cole, et.al. (1957)

g. Gerrard (1956)

It is seen that much of the difficulty of spplying Lighthill's
theory lies in the conceptual difficulty of the acoustic quadrapoles
PUU . Several authors, Meecham and Ford [36]; Corcos [49,50];
Ribner [51,52], have considered a theory based on the replacement of
the quadrspoles by simple sources. The form of the equation of
propagation is found to be

1 nzp(l) . Apld) - nap(o)
:E Dt2 ea Dta
[+ ] (=]
vhere

3 d ° 3 )
D 11
E’- 'a—t'-l-Ui;xT’Vz-Z——a- P‘

{ml 4

is the portiom of the pressure containing all the compressibility
effects, and 1’(0 ) is the portion of the pressure due to incompressible
flow and satisfies the equation

2 0). (0)

240, & o
byiaya

DZP(O)

m_a

wvhere po is the ambient demsity. Thus the tem

o®nl”

represents a density of simple sources. The sources though
individually non-directional represent the directional char-
acteristics of jets through their distribution. Further
directionality comes about by refraction of the sound field
by the mean shear flow.

For unbounded low speed flows the equivalence of the
simple source method and Lighthill's method have been examined
by Ribner [53]. For bounded flows (i.e. taking into account
the rigid surface causing the turbulence) the volume integral
of simple sources still describes the radiation while to the
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